Based on the statistical thermodynamics theory, a theoretical model of adsorbate induced surface stress of adatoms adsorption on solid surface is presented. For the low coverage, the interaction between the adsorbed molecules is entirely negligible and the adsorption induced surface stress is found to be the function of the coverage and the adsorption energy change with strain. For the high coverage, the adsorbate-adsorbate interaction contributes to the adsorption-induced surface stress effectively. In the case of carbon adsorption on the Ni(100) surface, the value of 0.5 is obtained as a characteristic coverage to decide whether to take the interaction between the adsorabtes into consideration and the results also show that the adsorption induces a compressive surface stress.
Introduction
The adsorption induced surface stress has important applications in controlling the materials behavior, such as sensors, molecular devices and other functional structures [1, 2] . The physics of solid surfaces are greatly affected by adsorbed atoms or molecules. For example, the frequency of microcantilever -based biosensors is significantly influenced by the surface stress induced by bio-moleculars adsorption [3, 4] . Further, Ren and Zhao et al. [5] presented direct evidence for the effect of local stress at a micro-cantilever surface on the flexural deformation, which is due to the change of the density of the hydrogen proton.
Many researchers have studied the dependence of surface stress on adatoms concentration [6] [7] [8] . Lau and Kohn [9, 10] founded that the interaction was repulsive between two identical adsorbates on a surface and varied as r" 3 with separation r . The elastic field induced by an adatom was approximated by a force dipole on the surface of a half-space and adatoms interact through their elastic fields. A continuum-level point-defect model of adatoms with strain-dependent properties was developed by Kukta et al. [11] . Based on continuum theory, the relationship between adatoms and macroscopic stress was deduced [12] . With the linear elastic theory, Pala et al. [13] demonstrated a model to determine the adsorptive and catalytic properties of strained metal surfaces. The solid surface is to some extent deformable, the surface bulges slightly towards the adsorbed molecule, but when the distances are closer the situation is reversed [14] . In the other methods, the interaction between the adsorbates and the substrate in the physisorption was considered as a body force acting on the surface, which gave smaller dimples [15] . The surface Green function for soft elastic half-space was derived by He et al. [16] ignoring the surface stress effect, which was adopted to analyze the interaction between two adsorbed molecules.
A nonlinear functional form of the adsorbate-induced surface stress dependence on the coverage was proposed by Ibach [17] and was subsequently improved with considering the heat of adsorption [18] , Wang and Xie et al. [19, 20] established the theoretical model of the adsorbate-induced surface stress on anion adsorption on Au(lll) surface from the statistical thermodynamics, with the lattice gas model. The relaxation of substrate induced by a chemisorbed molecule was studied theoretically [21] , using the quadratic expansion of the potential energy of a free surface. The adsorbate-adsorbate interaction mediated by substrate lattice was calculated [22] , assuming that the adsorbate introduces local perturbations around the adsorption site. Many experimental and theoretical researches were carried out to investigate the surface properties of the different surfaces with various adsorptions [23] [24] [25] [26] [27] [28] . In addition, the adsorbate-induced stresses of O/C adsorption on Ni(100) were calculated at the density-functional theory (DFT) level [29] .
The adsorption induced surface stress, which is due to submonolayer coverages of adsorbates on a substrate, can be measured by experiments now. But the present theoretical models are still not comprehensive enough to fit the various adsorption phenomena to a certain extent or too complicated to be applied in theoretical research. This article focuses on the establishment of a general theoretical model for the adatoms induced surface stress based on the thermodynamics. The contribution to the adsorption induced surface stress includes the adsorption energy, surface coverages and interaction between the adatoms. The relationships between the adsorption induced surface stresses and adsorbate-adsorbate interaction are also analyzed in this work. The substrate in this article is considered to be an isotropic material.
Theoretical model
For a surface with adsorbates, the electronic structure of the surface may be perturbed by the adsorbed atoms or molecules and the substrate atoms in the surface layers can feel the force exerted by adsorbates, which will change the surface energy as well as surface stress. The change of the stress is called adsorption-induced surface stress. A qualitative distinction is usually made between physisorption and chemisorption ( Fig. 1) . The physisorption results from the presence of van der Waals attractive forces due to fluctuating dipole moments on the interacting adsorbate and substrate with no charge transfer or electrons shared between atoms. The adsorption energy Δ E P is on the order of 50~500 meV/atom. The chemisorption involves strong bonds and charge transfer, with the adsorption energy AE C of the adatom is of a few eV/atom.
Actually, no absolutely sharp distinction can be made and intermediate cases exist. Based on the theory of thermodynamics, we try to establish a simple model which can be applied to both physisorption and chemisorption. 
Adsorption induced surface stress
Based on the thermal equilibrium conditions in the solid surface, the Gibbs-Duhem equation for the interface can be obtained as [30] 
(2) (3)
Equation (2) is the Gibbs adsorption isotherm and the Eq. (3) is known as the Shuttleworth relationship, which connects the interface stress to the interface energy [31] . Combining the Eqs. (2) and (3), a relation between the surface stress with respect to the chemical potential can be obtained as
Given the relationship between Γ( and μ ί , we can calculate the dependence of the surface stress on adsorption from the Eq. (4). For the single species localized adsorption at low coverage, the interaction between the adsorbates is neglected and the canonical partition function for the adsorbed atoms is
where E i is the adsorption energy for one atom adsorbing on the surface, and k B is the Boltzmann constant, Τ is the temperature. For N a adsorbed atoms over N s adsorption sites with the same adsorption energy E a , the partition function can be written as
where Q denotes the distinguishable configurations and q is the single particle partition function. At low coverage, there are many ways to arrange the adatoms on the available adsorption sites, which produce the configurational entropy. Q is defined as [32] 
N.\ (N a i){N,-N a )\ (7)
In consequence, the surface free energy F s is obtained as 
An assumption is made that in submonolayer with no penetration of the adsorbing atoms into the bulk of the material. The total differential of the Helmholtz free energy of the surface can be written as [18] dF s = -S s dT + Ατά ε + μάΝ α .
For the isothermal processes on an isotropic surface, the first term in the right of the Eq. (10) disappears. The chemical potential on the surface can be expressed as (11) in which, θ = Ν J N s = a 2 NJ A (see Fig. 2 ).
The first term on the right-hand side of Eq. (11) is the configurational contribution in terms of the adatom coverage θ, the second term is the adsorption energy, and the last term is the vibrational contribution. So the Langmuir isotherm can be used to relate the surface coverage to the gas pressure by a
And surface stress change Aron the isotropic surface can be integrated from the Eq. (4)
. (14) Considering Eqs. (12) and (14), we can obtain
For simplification, the entropy change with strain is neglected in the above expression. The surface stress change Ar is proportional to the natural logarithm of the coverage θ and to the adsorption energy change with strain. Based on the data of the ab initio calculation [29] , we suppose the relationship between the adsorption energy and the infinitesimal strain as
where C,,C 2 are constants with the dimension of eV, which can be determined by the experiments or fitted from the calculations. Substituting Eq. (16) •(20)
Adsorabte-adsorbate interaction
The interactions between adsorbates on solid surface can be classified as direct or indirect one, which means the adsorbates interact with each other directly or indirectly through the substrate [20, 32] . Direct interactions occur when the adsorbates separation is small enough (high coverage adsorption), for example, dipole-dipole interactions. Elastic interactions arise when an adsorbate binds to a surface and perturbs the positions of the surrounding atoms. When a second atom adsorbs onto the surface, its binding energy is changed. Lau and Kohn [10] performed the first extensive analysis of elastic interactions. Based on continuum elasticity theory, Lau et al. found that the interaction between two like adatoms on an anisotropic substrate can be attractive in certain directions and repulsive in other.
The direct repulsive (Fig. 3(a) ) or attractive ( Fig. 3(b) ) interactions between adsorbates as well as dipolar interactions contribute little to the induced surface stress. The direct repulsive interaction contributes to the surface stress is about 15% of the experiment value for the oxygen adsorption on Ni(lll) [35] . In the physisorption layer, we adopt the Lennard-Jones (L-J) potential to describe the interaction between the adsorbates. For the L-J potential w (t>) The substrate-mediated interaction is the indirect interaction between the adsorbates. For the physisorption, a simple expression of the substrate-mediated energy is Sinanoglu-PitzerMcLachlan (SPM) energy [19, 20, 36, 37] tt( \ 9a s 1 (22) where a is the adatom polarizability (A 3 ), S is the strength coefficient of the adatomsubstrate interactions (eV-A 3 ), L is the perpendicular distance of the adatom from the substrate (A). So the substrate-mediated interaction induced surface stress can be obtained as
which can also be nondimensionalized to
with T _ 27a S This formula can also be 16a 2 (r 0 L) 3 used in chemisorption with the modified parameters [19, 20] .
Results and discussion
On the basis of the thermodynamics, we establish a theory model for the adsorption induced surface stress as Eq. (18). It is shown that the adsorption induced surface stress is determined by two factors. One is the adsorbate coverage and the other is the partial derivative of the adsorption energy with respect to the surface strain [8] . The relationship between the adsorption energy and the surface strain is generally decided by the properties of the interaction as well as the properties of the surfaces. Atomic simulation may be a convenient method to give the details of the interaction between adsorbates and substrate.
For β e [-2,3], the nondimensional adsorption induced surface stress changes with the adsorbates coverage is plotted (Fig. 4) . For the all the values of β, the variation of the adsorption induced surface stress with coverage is nonlinear, and the curves exhibits a larger nonlinear characters for smaller absolute value of β. Some qualitative discussion of the sign of the surface stress change At has been reported by Ibach [17] for transition and noble metals. Indeed, since such metals have a tensile surface stress ( r > 0 ), electronegative adsorbates removes charges between the surface atoms and thus reduces the surface stress which may become negative (compressive). On the contrary, if the substrate is electronegative with respect to the adsorbates, the surface stress may increase [18] ·
The effects of the adsorbate-adsorbate interaction on the surface stress are rather small for the low coverage, but it may be considerable in the high coverage. Based on the L-J potential and SPM energy, the contributions to the surface stress by the adsorbate-adsorbate interactions are deduced as Eqs. (21) and (24) . The nondimensional surface stresses are plotted with respected to the distance between the adsorbates (Fig. 5 ). For the direct interaction, when F -> oo, the interactions between the adsorbates do not contribute to the surface stress. For F < 1, the interactions give tensile surface stress, and compressive surface stress for F > 1. While for the indirect interaction of substrate-mediated interaction, the contribution is always tensile surface stress in the frame of SPM energy and the surface stress changes as F 3 . The adsorption induced surface stress is compressive when the adsorbates are pulling on another apart, or be tensile when the surface adsorbates are pushing on another.
For the high coverage, the L-J potential is used to describe the interaction between the adsorbates and the total adsorption induced surface stress can be obtained as
Λ. Considering the carbon atoms adsorption on the Ni(100) surface, the L-J parameters of carbon atoms is £ 0 =-0.11 kcal/mol, r 0 =2 Ä.
The lattice constant of Ni is 3.524 A. When θ equals to 1, the distance between adatoms is r mi " • For arbitrary θ, r = r-9'
x ' 2 . In the
situation of β--0.5 , the total adsorption induced surface stress can be obtained as Fig. 6 , based on Eq. (27) . It is demonstrated that it is reasonable to neglect the interaction between the adsorbates for low coverage. While for high coverage ( θ > 0.5 ), the interaction between adsorbates show obvious effects on the adsorption induced surface.
Conclusion
A model of the adsorption induced surface stress has been established for the low coverage based on the statistical thermodynamics theory. The adsorption induced surface stress was found to relate to adsorbates coverage and the partial derivative of the adsorption energy with respect to the surface strain. Due to the properties of the adsorption, the adsorption induced surface stress can be compressive or tensile. For the high coverage, the interactions between the adsorbate also contribute to the surface stress.
The normal deformation of the elastic surface is not considered in this paper, which is worth more theoretical and experimental researches, especially on adsorption induced surface relaxation and reconstruction.
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• -β=-2.0 Adsorbates coverage θ Figure 6 . The effects of the interaction between adsorbates on adsorption-induced surface stress.
